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Abstract
Oscillatory reactions over palladium foil and wire catalysts during the oxidation of methane have been investigated over a
wide range of reaction temperatures and argon/methane/oxygen feed gas compositions. Characterisation of the catalyst has also
been carried out using scanning electron microscopy (SEM) techniques, which revealed the presence of a porous surface. This
suggested that the metal surface has undergone a change since the reaction commenced, and using X-ray powder diffraction
(XRD) techniques the palladium phase was shown to be the dominant phase present. Hysteresis phenomena were observed
in the activity of the reaction as the temperature was cycled up and down, showing that the metal surface was continually
changing throughout the reaction. The activation energies of the reaction during the high reactivity mode, PdO, and low
reactivity mode, Pd, were also calculated. Oscillation rates were observed to depend on the dominant surface. Oscillations
were frequent when the high reactivity mode was dominant while the activation energy of this mode was found to be low.
When the low reactivity mode was dominant, the oscillations were slower and the activation energy was three times larger.
The results obtained imply that the behaviour of the palladium surface, switching back and forth from the reduced state to the
oxidised state, is responsible for the oscillatory behaviour seen in this system.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The partial oxidation of methane to produce CO and
H2 has received increasingly attention in recent years,
mainly because of its potential use as a commercial
source of syngas (CO+H2). The complexity of the re-
action pathways involved in the oxidation of methane
can result in oscillatory kinetics under certain circum-
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stances. Such oscillations have been observed over
palladium catalysts [1–4], and supported nickel cata-
lysts [5–7]. It has been observed in our earlier study
that chromel/alumel thermocouple wires and nickels
wires can also catalyse the methane/oxygen reaction
and result in rate oscillations [8].
Konig and co-workers [1,9] is the first group to ob-
serve oscillatory reactions during methane oxidation
over a palladium film catalyst. Using ellipsometry to
study the growth of the PdO layer on a thick Pd film,
it has been found that under certain conditions the
film composition can spontaneously oscillate between
metal-rich and oxide-rich states, and these oscillations
in the palladium film properties were accompanied by
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similar oscillations in the catalyst activity. In a sepa-
rate study conducted by Ozkan et al. [10], further evi-
dence for the periodic phase changes, observed on the
palladium catalyst surface that resulted in reaction rate
oscillations, was obtained using thermo-gravimetric
analysis and high-temperature XRD techniques. Os-
cillatory behaviour during methane oxidation was also
observed over an alumina supported palladium cata-
lyst in studies carried out by Deng and Nevell [2,4].
It has been found that the amplitude and frequency
of the oscillations depended on the feed gas compo-
sition and the reaction temperature. A similar oscilla-
tory mechanism to that of Konig has been proposed.
Although it is generally accepted that the oscilla-
tory behaviour over palladium catalysts is due to pal-
ladium switching between oxide and reduced states,
there is still some disagreement in the literature over
the reaction mechanism and, especially, the surface
form that is most active. The aim of the work reported
here has been to investigate the oscillatory behaviour
of methane/oxygen reaction over palladium wire and
foil catalysts that have not been studied previously, and
to get further evidence for understanding the oscilla-
tory mechanism. This work was, in fact, initiated after
oscillations were observed in the reactant and prod-
uct composition together with reaction temperature
when a mixture of methane and oxygen was passed
through a quartz tube containing only quartz wool and
a chromel/alumel thermocouple. It was evident that
the thermocouple wires were catalysing the reaction
and this led to the investigation into the catalytic activ-
ity of a range of transition metal wires and foils. Af-
ter analysis of the experimental results a mechanism,
which explained the oscillations, has been proposed.
2. Experimental
Methane (purity 99.0%) and oxygen (purity 99.6%)
were purchased from Aldrich. Argon (purified)
was supplied by BOC Gas. Both palladium wire
(0.25 mm diameter, 99.95% purity) and palladium foil
(0.025 mm thickness, 99.95% purity) were provided
by Goodfellow Ltd.
The catalyst was either a 10 cm coil of palladium
wire, of diameter 0.25 mm, or a piece of 4 mm×10 mm
palladium foil that was 0.025 mm thick. Chromel and
alumel wires, of 0.5 mm diameter, were spot-welded
separately on to the palladium wire or foil to make
a modified chromel–palladium–alumel thermocouple
junction, based on the law of intermediate metals [11].
The thermocouple wires were insulated with ceramic
sheaths. The structure and the composition of the cat-
alyst surface were determined by the techniques of
scanning electron microscopy (SEM) and XRD us-
ing a JSM-T200 scanning electron microscope and a
PW1710 X-ray diffractometer (Phillips Electronic In-
struments) with Cu K radiation of wavelength 1.540 Å,
respectively.
All the reactions were carried out in a laboratory-
scale, continuous-flow reaction system with a tubular
quartz reactor (i.d. 10 mm), which was placed in a
conventional tubular furnace over a temperature range
of 300–650 ◦C. All the catalytic reactions were car-
ried out at an overall gas flow rate of 60 cm3 min−1
unless stated otherwise while the flow rate of the
inert gas carrier, argon, was always kept constant at
30 cm3 min−1. By varying the flow rate of the reac-
tant gases, using mass flow controllers (ASM model
AFC-260), methane and oxygen, the different feed
gas ratios of methane/oxygen were obtained in a
range of 1:1–29:1. A quadrupole mass spectrometer
(QMS-SX200D), which allowed time-resolved moni-
toring of up to 16 different mass numbers simultane-
ously (plus a temperature channel), was employed to
analyse the oscillatory behaviour exhibited by the re-
action system. The mass spectrometry data, together
with the thermocouple measurements, were recorded
by a real-time, computerised data acquisition system
(Sensorlab V.5, Fisons Instruments, Vacuum Genera-
tors Quadrupoles). Temperature oscillations observed
during the reaction were also recorded on an ana-
logue chart recorder. A heating tape was used to
heat the tubulation between the reactor outlet and the
mass spectrometer to prevent condensation of water
produced by the reaction.
3. Results and discussions
3.1. Characterization of the catalyst
3.1.1. X-ray diffraction analysis
It was observed, from the X-ray diffraction patterns
of the palladium foil obtained after the reaction, that
the palladium peaks (2θ = 40.2, 46.6, 68.0, 82.0 and
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86.6◦) featured as the most prominent peaks while
some PdO peaks (2θ = 33.9 and 54.9◦) were also
detected even though they were relatively weak. This
indicated that any palladium oxide present was in
the form of very small crystallites, probably with di-
mensions less than 0.1m and spread as a thin layer
across the palladium surface. On the other hand, the
palladium sample was cooled, after reaction, to room
temperature in the methane/oxygen mixture and as a
result, some oxide would inevitably be present.
3.1.2. Scanning electron microscopy analysis
Photographs of the palladium surface after under-
going reaction were obtained with the scanning elec-
tron microscope. Analysis of the SEM photographs
revealed a rough and highly porous surface indicting
that the reaction had caused widespread reconstruc-
tion of the metal surface. Visually, the surface had a
dull grey-brown colour.
In the study of the palladium catalyst during the
oxidation of methane conducted by Konig et al. [1], it
had been found two different PdO layers were present.
The surface either took on a lustrous green or dull
brown appearance. Spectroscopic ellipsometry scans
Fig. 1. Oscillations of methane oxidation over palladium foil in the temperature range of 345–390 ◦C, with methane/oxygen ratio 5:1.
confirmed the green appearance to be a dense PdO
layer with low activity for methane oxidation, while
the dull brown surface is of a highly porous PdO layer
with higher catalytic activity. It has been seen that
the photographs of the oxide layer obtained in this
work here were similar to those of the porous oxide
obtained by Konig et al. Ruckenstein and co-workers
[12,13] have also observed, by using transmission
electron microscopy, the formation of porous structure
and cavities on Pd crystallites while Pd supported on
thin alumina films was oxidised to PdO. The surface
restructuring has been attributed to the difference in
the interfacial tension where the PdO formed has a
lower interfacial tension than the unoxidised metal.
3.2. Oscillations of methane oxidation over Pd foil
and wire
Figs. 1–4 show the typical oscillatory behaviour
exhibited during the oxidation of methane over both
the palladium foil and wire at low and high temper-
atures. It should be pointed out that the QMS signal
of the reactants and products illustrated in the figures
have been vertically offset by the factors shown in
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Fig. 2. Oscillations of methane oxidation over palladium foil in the temperature range of 476–492 ◦C, with methane/oxygen ratio 5:1.
Fig. 3. Oscillations of methane oxidation over palladium wire in the temperature range of 345–384 ◦C, with methane/oxygen ratio 9:1.
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Fig. 4. Oscillations of methane oxidation over palladium wire in the temperature range of 379–440 ◦C, with methane/oxygen ratio 9:1.
the legends. Oscillations were observed at tempera-
tures in the range of 345–580 ◦C and for gas mixtures
with methane/oxygen ratios from 2:1 to 29:1. When
only the chromel and alumel wires of the thermo-
couple were present, the reaction temperature had
to be raised to about 800 ◦C before any oscillations
could be observed. Thus, the results reported here
must refer to reactions on the palladium. In general,
maxima in the product oscillations of CO2 and CO
corresponded to minima in the CH4 and O2 reactant
oscillations. No hydrogen was observed to be gen-
erated during methane oxidation when a palladium
catalyst was used. It is noticeable in all the figures
that the water signal does not follow the CO2 signal
particularly well even though both are products of the
reaction. The mass spectrometer response to water
appeared to be rather sluggish. This could have been
caused by condensation somewhere in the system, but
the existence of heating tapes was meant to prevent
this. An alternative explanation will be discussed in
detail in a later section.
The frequency and amplitude of the oscillations
observed both in the reaction temperature, product
and reactant concentrations were found to vary with
the average temperature and the methane/oxygen gas
ratio. It was also observed that features of the wave-
forms were not always stable and reproducible at any
given temperature or feed gas methane/oxygen ratio.
The responses shown in Figs. 5 and 6 were the typ-
ical waveforms observed for both the palladium foil
and wire at low methane/oxygen gas ratios for a set
temperature, while those in Figs. 7 and 8 were the cor-
responding waveforms of high methane/oxygen gas
ratios. Various oscillatory waveforms were observed
such as relatively simple sharp peaks, broad double
or multiple peaks and also broad plateau peaks.
Two contrasting types of oscillations were observed.
In the first, typified by Fig. 1, the catalyst was in an
inactive state for most of the time with occasional
bursts of CO2 and some CO. There was always a rela-
tively slow build-up to the bursts followed by a much
more rapid cessation of activity. The second type of
behaviour was almost the inverse of the first and typ-
ified by Figs. 6 and 8. Here, the catalyst was in the
active state for most of the time with regular sharp
reduction in activity. In this case, the drop in activ-
ity was always much sharper than the subsequent rise.
All oscillations ceased, in both the palladium foil and
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Fig. 5. Oscillations of methane oxidation over palladium foil in the temperature range of 572–580 ◦C, with methane/oxygen ratio 2:1.
Fig. 6. Oscillations of methane oxidation over palladium wire in the temperature range of 564–576 ◦C, with methane/oxygen ratio 5:1.
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Fig. 7. Oscillations of methane oxidation over palladium foil in the temperature range of 386–442 ◦C, with methane/oxygen ratio 14:1.
Fig. 8. Oscillations of methane oxidation over palladium wire in the temperature range of 389–425 ◦C, with methane/oxygen ratio 14:1.
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Table 1
QMS analysis data in the temperature range of 370–450 ◦C for palladium foil
CH4/O2 ratio Change in QMS signal during oscillations Average period of oscillation (s)
CO2 CO O2 CH4
5:1 +550 +80 −440 −310 610
9:1 +320 +50 −240 −180 107
14:1 +190 +40 −120 −120 245
29:1 +120 +20 −110 −110 600
wire, when temperatures exceeded 600 ◦C and/or the
methane/oxygen ratio was reduced to 1:1. Hysteresis
in the activity during the oxidation of methane was
also observed as the reaction temperature was cycled
up and down. This behaviour, commonly seen with
palladium during methane oxidation, has been studied
by a number of researchers [14–16].
3.3. Effects of varying feed gas methane/oxygen ratio
3.3.1. Effects on oscillatory behaviour over
palladium foil
The frequency, amplitude and waveform of the os-
cillations were strongly dependent on the methane/
oxygen gas ratio. Data for four different methane/oxy-
gen ratios are shown in Table 1. It can be seen that
the amplitude of the CO2 and CO oscillations in-
creases with amount of oxygen present. The period
between oscillations also decreases with oxygen con-
tent apart from the unusually large period observed at
a methane/oxygen ratio of 5:1. This anomaly may be
connected with a change in the nature of the wave-
form for the methane/oxygen ratios of 29:1, 14:1 and
9:1. The waveforms have a saw-tooth sharp whereas
for a ratio of 5:1, the waveform consists of a spike,
which can be seen in Fig. 1.
In general, the temperature was found to follow the
oscillations of reactants and products, with increases in
temperature coinciding with increases in CO2 produc-
tion. This is to be expected because the production of
CO2 is a highly exothermic process. However, the size
of the temperature rise was not always proportional to
the rise in the CO2 signal and there were occasions
when the temperature would drop as the CO2 signal
rose. This behaviour may be connected with the way
in which the thermocouple was arranged, with the two
junctions at opposite ends of the palladium foil. Thus,
a rise in temperature near one terminal, but not the
other, could be recorded either as a temperature rise or
a fall, depending on which terminal was most affected.
3.3.2. Effects on oscillatory behaviour over
palladium wire
When palladium wire was used as a catalyst, the
frequency of the oscillations was found to decrease
as the methane/oxygen gas ratio was increased from
5:1 to 14:1, as shown in Figs. 6 and 8. As the gas
ratio was raised further to 29:1, oscillatory behaviour
ceased. No oscillations were obtained when the gas
ratio was reduced to 1:1. The maximum amplitude of
oscillation was seen at a gas ratio of 9:1 and strong
oscillations also occurred for gas ratios in the range of
5:1–14:1. The oscillations seen over both palladium
wire and foil were not stable and were sensitive to very
minor changes in the reaction conditions. It was also
observed that the Pd wire was in the active state for
most of the time with periodic cessation of activity,
whereas the Pd foil was usually inactive with periodic
bursts of activity.
3.4. Behaviour of the water signal
It was observed that the change in the H2O signal
did not follow the changes observed with the CO2 and
CO signals. There was no sudden fall or rise in the
signal when the CO2 and CO signals peaked, merely
a sudden change in the slope. This behaviour can be
seen in all the figures.
Although this effect was first thought to be due to the
condensation of water vapour occurring somewhere in
the system, this reason appeared to be ruled out as the
mass 18 signal was observed to follow the CO2 and
CO signals fairly well in other experiment runs using
nickel and cobalt catalysts respectively. This behaviour
exhibited by the H2O(g) signals can be explained if the
hydrogen generated during the oxidation of methane
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is stored in or on the palladium catalyst and only re-
leased slowly as water vapour. This process could be
represented as:
CH4(g)+ O2(g)→ CO2(g)+ 4H(stored) (1)
and
4H(stored)+ 2O(ads)→ 2H2O(g) (2)
where H(stored) is stored either as H or OH on or in
the palladium sample. During stage “a” (see Fig. 9),
the amount of hydrogen in or on the palladium is in-
creasing because the rate at which it is being formed is
greater than the rate at which it is being lost as water
vapour. Thus, the amount of water vapour will also be
increasing, as it is proportional to the amount of hy-
drogen in the sample. When the rate of CO2 produc-
tion suddenly drops, the amount of hydrogen stored
in the sample will also begin to drop causing the rate
of water production also to drop (stage “b”). Once the
original level of CO2 production is restored, the cycle
will start all over again as seen in stage “c”, in Fig. 9.
According to the previous study, there are two ways
in which the hydrogen could be stored. One of them is
that the hydrogen could exist as interstitial hydrogen
within the interstices of the palladium metal, as a pre-
cursor to the formation of palladium hydride. Results
obtained by Lewis [17] on “the palladium hydrogen
system” showed that the solubility of hydrogen in
palladium at 500 ◦C and 1 atm hydrogen pressure cor-
responded to about PdH0.01. However, the measured
hydrogen pressure was negligible throughout the ex-
periments carried out here with palladium, so that
the concentration of dissolved hydrogen was likely to
be very small. Nevertheless, a large concentration of
hydrogen adatoms on the surface might be sufficient
Fig. 9. Behaviour of water vapour signal.
to induce significant hydrogen solution and this could
well exist during the decomposition of methane.
An alternative way of storing hydrogen could be as
hydroxyl groups adsorbed on the surface. Such an in-
termediate has been proposed by Fujimoto et al. [18],
where the following reaction steps were postulated:
CH4(g)+ O(ads)→ CH3(ads)+ OH(ads) (3)
and
2OH(ads)→ H2O(g)+ O(ads) (4)
It was believed that reaction (4) must be reversible
because water vapour acted as an inhibitor for the
reaction. Such an intermediate would presumably be
restricted to the surface and this raises the question as
to whether sufficient hydrogen could be stored in this
way to explain the buffer effect. However, the SEM
photograph shows that the surface is highly porous and
the surface area is therefore likely to be very large.
3.5. Effects of varying temperature
The furnace temperature has been varied in a range
of 300–650 ◦C to examine the effect of temperature
on the oscillatory behaviour over the palladium metal
catalyst. It has been found that, in general, the fre-
quency of the oscillations increased with temperature
although, over a long period, this trend could be ob-
scured by changes in the state of the surface. On palla-
dium foil, in particular, hysteresis in the reactivity was
observed when the reaction temperature was raised
and lowered, confirming that complex changes were
occurring on the surface.
3.5.1. Temperature effects on oscillatory behaviour
over palladium foil
Oscillations were observed only at temperatures be-
tween 350 and 580 ◦C where a methane/oxygen gas
ratio of 5:1 was used. Below 350 ◦C, methane oxida-
tion proceeded slowly (low response) and without os-
cillations. Figs. 1 and 2 compare the behaviour of the
oscillations at low and high temperatures. Although
the oscillations obtained were sometimes irregular and
not entirely reproducible, even under exact same re-
action conditions, it was possible over a short period
of time to observe a marked increase in the frequency
of the oscillations as the temperature was raised, and
to use this data to estimate the activation energies.
192 X. Zhang et al. / Applied Catalysis A: General 240 (2003) 183–197
It was found that there were two types of frequency
dependence on temperature for the oscillations ob-
served in different temperature ranges. At high aver-
age temperatures (390–580 ◦C) the surface was in the
high reaction mode for most of the time with periodic,
but sudden, drops in activity. The temperature was
fairly constant for most of the cycle and fairly well
defined. It was found the a plot of ln(t), where t is the
oscillation period, against the reciprocal of the abso-
lute temperature gave a good straight line, as shown
in Fig. 10. We will assume that there is some reaction
controlling the frequency of the oscillations with rate
constant, k. The dependence of k on temperature is
given by the Arrhenius equation:






where A is the pre-exponential factor and Ea is the ac-
tivation energy of the reaction. Since t is proportional
to 1/k, the equation can be written as:






where A′ is also a constant. The activation energy for
the process was calculated to be 68± 6 kJ mol−1.
Fig. 10. Plot of ln(t) vs. 1000K/T for palladium foil at () high temperatures, Ea = 68 ± 6 kJ mol−1 and () low temperatures,
Ea = 194± 5 kJ mol−1.
At low average temperatures (340–390 ◦C), the sur-
face was found to be in a low reactivity mode for
most of the cycle with periodic bursts of high activity.
Again, the temperature was fairly constant for most of
the cycle and another Arrhenius plot was constructed
for this data, as shown in Fig. 10. The activation here
was found to be equal to 194 ± 5 kJ mol−1, which is
much greater than that calculated at high temperature.
3.5.2. Temperature effects on oscillatory behaviour
over palladium wire
In general, similar oscillatory behaviour to that ob-
tained over palladium foil was observed. Slow oxida-
tion of methane was observed to proceed at 300 ◦C
and oscillations only started when the temperature ex-
ceeded 350 ◦C. Although not clearly observed at all
times, the general trend here was for the frequency and
amplitude of the temperature, reactant and product os-
cillations to increase as the temperature was raised, see
Figs. 3 and 4. The CO2, CO and H2O product signals
were also observed to increase when the temperature
was increased. At still higher temperatures, the oscil-
lations slowly decreased and finally stopped when the
temperature reached 600 ◦C.
When the logarithm of the time between each oscil-
lation was plotted against the reciprocal of the reaction
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Fig. 11. Plot of ln(t) vs. 1000K/T for palladium wire at () high temperatures, Ea = 68 ± 6 kJ mol−1 and () low temperatures,
Ea = 189± 5 kJ mol−1.
temperature, plots with a good linear fit were obtained
and observed to follow the Arrhenius equation, just as
with the palladium foil (Fig. 11). For the higher tem-
perature range, an activation energy of 68±6 kJ mol−1
was obtained and for the lower temperature range, an
activation energy of 189 ± 5 kJ mol−1 was obtained
for oxidation of methane over palladium wires.
3.6. Effects of cutting off methane or oxygen supply
temporarily
With both the palladium foil and wire, the oscilla-
tions ceased immediately when the methane gas sup-
ply was cut off to temporarily stop the reaction. This
was accompanied by a drop in the temperature caused
by a cessation of the exothermic reaction occurring on
the surface. When the methane supply was restored
to restart the reaction, the oscillatory behaviour of the
oxidation reaction resumed and the temperature was
also observed to return to its original level. This obser-
vation was seen for all the experimental runs studied
using different methane/oxygen gas mixtures.
When the oxygen supply was turned off to tem-
porarily stop the reaction, the oscillations were also
observed to stop immediately for both the palladium
foil and wire. This again was accompanied by a fall
in the temperature but the drop in temperature was
found to be somewhat less than that expected if there
were no exothermic reaction occurring. Thus, heat was
still being generated, presumably from the reaction
of methane with palladium oxide. On restoration of
the oxygen supply, an immediate surge in the reaction
temperature was observed. This observation was also
seen for all the experimental runs studied using differ-
ent methane/oxygen gas mixtures. This is indicative
that a very reactive form of carbon must have accu-
mulated on the surface of the metal catalyst when the
oxygen supply was cut off, and this reacted with O2 to
form CO2 as soon as the O2 supply was restored. Un-
der normal reaction conditions in the presence of oxy-
gen, it is very likely that the carbon deposited from the
decomposition of methane is oxidised immediately to
carbon dioxide.
3.7. Mechanism of the oxidation of methane over
palladium catalysts
3.7.1. Thermodynamics of methane oxidation
According to the results obtained for the oxida-
tion of methane over palladium foil/wire catalyst, the
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primary reaction occurring can be written as:
CH4(g)+ 2O2(g)→ CO2(g)+ 2H2O(g),
H298 K = −802.7 kJ mol−1 (7)
Some CO was also produced during the reaction,
therefore the reaction
CH4(g)+ 32 O2(g)→ CO(g)+ 2H2O(g),
H298 K = −328.7 kJ mol−1 (8)
might also be occurring. However, there was evidence
of the hydrogen going through a buffer state as dis-
cussed previously.
It was found from the experimental results that the
QMS signals of both CO and H2 hardly changed at a
very low level during the oscillation except some tiny
peaks of CO observed which were in phase with the
CO2 peaks. This indicated that both the reaction of the
catalytic partial oxidation of CH4 and the water gas
shift reaction were insignificant.
3.7.2. Relative reactivity of the metal and oxide
It is know that the oxidation of methane to CO2
and H2O occurs over both palladium oxide and the
reduced metal surface. However, there is some dis-
agreement in the literature over the surface form
which is most active. Oh and co-workers [19,20]and
Hicks et al. [15,16] argue that the metal surface is
more active than the oxide surface, whereas Burch
and co-workers [21–23], Farrauto et al. [24,25]and
Primet and co-workers [26–28] consider the oxide
surface as the most active phase.
The activation energies for the reaction over a pal-
ladium catalyst supported on -alumina, have been
measured by Lyubovsky and Pfefferle [29], for both
the oxidised and reduced surface states. They obtained
a value of 73.2 kJ mol−1 for the oxide, in the temper-
ature range 350–560 ◦C, and a much higher value of
157.2 kJ mol−1 for the metal at a higher temperature
range of 690–830 ◦C. At higher temperatures, it was
found that the metal-catalysed reaction was faster than
the oxide-catalysed reaction, despite the much lower
activation energy required for the latter process. This
is explained if the pre-exponential factor in the rate
equation is some 105–106 times greater for the reac-
tion over the metal than it is for the reaction over the
oxide. This could only come about if the reaction over
the oxide was restricted to a few defect sites, or to
places where Pd and PdO occupy adjacent sites, as
will be discussed later. Therefore, from the results ob-
served by Lyubovsky and Pfefferle, the oxide surface
seemed to be a better catalyst at low temperatures, with
the size of the activation energy as the controlling fac-
tor, whereas the metal surface showed a faster reaction
rate at higher temperature, when the pre-exponential
term becomes dominant.
It was found that our lower activation energy
(68 kJ mol−1), over both palladium foil and wire,
was fairly close to the value (73.2 kJ ml−1) quoted
by Lyubovsky for the reaction of methane over the
oxidised surface in the same temperature range.
The higher activation energies obtained in our study
(189 kJ mol−1 over palladium wire and 193 kJ mol−1
over palladium foil), however, do not correspond very
well with the activation energy quoted for methane
oxidation over the reduced surface and may well refer
to a different process. In support of this observation,
the temperature range over which the activation en-
ergy was measured in our work (340–385 ◦C) was
much lower than the temperatures at which Lyubovsky
studied the reaction over the reduced surface.
3.7.3. Mechanism over palladium oxide and metal
catalysts
Fujimoto et al. [18] has provided a reaction rate
expression for the methane oxidation reaction to form
CO2 and H2O over PdO/ZrO2 catalysts.
rate = k[CH4]1.0[O2]0.0[H2O]−1.0 (9)
It can be seen that the reaction rate is independent of
the oxygen pressure and the water vapour acts as a
poison to the reaction. It was also proposed that the
rate determining step was the dissociate adsorption of
methane on a site pair consisting of adjacent Pd and
PdO species where palladium atom sites were consid-
ered to occur wherever there were oxygen vacancies
on the PdOx surface. More recently, Muller et al. [30]
modified this mechanism in light of their experiments
with isotopic scrambling using 18O labelled PdO/ZrO2
catalysts. The modified mechanism showed a redox
cycle of palladium being set up, in which the palladium
was alternatively reduced and reoxidised. Similar con-
clusions have also been reached by Au-Yeung et al.
[31] by either inserting 18O isotope into the PdO/ZrO2
catalyst or using 18O2 in the gas phase, where CD4
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was also used in place of CH4. Their results showed
that the rate determining step being the activation of
the C–H bond, and the activation energies for the oxi-
dation of CH4 and CD4 were calculated to be 176 and
180 kJ mol−1, respectively. It should be noted, how-
ever, that these values obtained by Au-Yeung et al. lie
in the range generally attributed to reaction over the
metal, and not the oxide.
Another mechanism was put forward by Su et al.
[32], where it was considered that the formation of
palladium metal nuclei in the oxide could promote
the oxidation reaction, with the most active catalyst
being a partially reduced oxide. This was supported by
the theoretical analysis conducted by Broclawik et al.
[33], where a density functional method was used to
calculate the interaction energy of a methane molecule
with a Pd–Pd dimer.
Studies have also been conducted on the palladium
metal catalysts. It was found that adsorbed oxy-
gen could suppress methane’s adsorption, although
methane is known to adsorb dissociatively on both
supported and unsupported palladium metal [34]. It
was also shown that each oxygen adatom on Pd(1 1 0)
blocks two active sites for dissociative adsorption of
methane [35]. It is, therefore, likely that methane and
oxygen will compete for sites in situations where both
gases are present.
It is noticed that no oscillations were observed in
any of these studies mentioned here, probably due to
the oxygen-rich gas mixtures used. This was also ob-
served in our studies that oscillations did not occur
when the methane/oxygen ratio was lower that 2:1.
3.7.4. Cause of oscillations
Graham et al. [9] proposed that the oxidation–
reduction cycle arises from the variations in the oxy-
gen pressure during reaction. Therefore, as the rate of
reaction over the oxide increased, the oxygen pressure
was thought to fall below the decomposition pressure
of the oxide, which then reverts to the metal. This
causes a drop in the reaction rate, with a consequen-
tial increase in the oxygen pressure, and the metal is
re-oxidised.
The simple explanation just given does not account
for some of the aspects of the data obtained in our
study, although the variation in the oxygen pressure
may be an important factor in maintaining the oscil-
lations. A good example of this can be seen in the
oscillations depicted in Fig. 10, where, prior to each
sudden loss of activity, there was a period of more than
1 min during which the oxygen pressure remained
almost constant at a very low value. Thus, there was
no sudden drop in the oxygen pressure that can be
correlated with the reduction of the oxide to the metal.
Although this was so, the variation in oxygen pres-
sure may still be an important factor in the oscillations.
The rate of methane oxidation is high in the oxidised
state and nearly all of the oxygen will be consumed,
provided there is excess of methane. Further reaction
of methane with lattice oxygen, following the mech-
anism proposed by Muller et al. [30], will inevitably
lead to the reduction of palladium oxide. Once the
surface has been reduced to palladium metal, the rate
of methane oxidation falls and the pressure of oxygen
increases. Sufficient oxygen is now available for the
re-oxidation of the metal to begin and so the cycle is
repeated.
The following tentative model, see Fig. 12, is pro-
posed to explain the type of oscillation seen in Fig. 8
at temperatures between 390 and 440 ◦C. The cycle
starts with a layer of PdOx crystals covering the metal
surface. Metal sites exposed at defect or crystal bound-
aries will exist, and it is assumed that high reactivity
Fig. 12. Proposed reaction model.
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for the oxidation of methane will occur wherever there
is an exposed metal atom adjacent to the oxide. At this
stage, the rate of reaction will remain approximately
constant because it is limited by the amount of oxygen
available. Although some lattice oxygen is also con-
sumed during the oxidation of methane, in addition to
the constant supply of gas phase oxygen, this amount
is assumed to be small compared to the overall rate of
reaction and will therefore have a negligible effect on
the overall rate of reaction.
Once all the oxide has been reduced, the rate of ox-
idation will fall rapidly to a value typical of the metal
surface covered with an adsorbed layer of oxygen,
the situation being depicted in Fig. 12(c), the oxygen
pressure will then start to rise and the metal sur-
face begins to re-oxidise. A thin, ordered oxide layer
which has good cohesion with the underlying metal is
assumed to form initially, as shown in Fig. 12(d). This
layer is unlikely to provide many sites, where a metal
atom and oxide anions are adjacent and so the rate of
methane oxidation will also be small, but large than
on the metal surface. When the oxide layer reaches a
critical thickness, it is expected to rearrange to form
regular oxide crystals which have reduced adhesion
to the metal, providing more adjacent metal-oxide
sites. At this stage, the rate of methane oxidation rises
sharply and the whole process begins to repeat itself,
beginning a new cycle.
This proposed model of oxide growth can be sup-
ported from the work carried out by Voogt et al. [36],
who studied the adsorption of oxygen on a Pd(1 1 1)
surface and also on Pd foil, using ellipsometry, LEED,
AES and XPS techniques. At high temperatures
(T > 197 ◦C) and oxygen pressures (P > 10−4 Pa),
a surface oxide was identified, which have a complex
LEED pattern on the Pd(III) surface. This showed that
an ordered over layer had been formed, but the pat-
tern could not be matched with any unreconstructed
plane of bulk PdO. Bulk oxide was not observed in
this work; however, Su et al. [32] have been able to
study the later stages of oxidation using the relative
intensity of a Raman band at 651 cm−1 to follow
the growth of palladium oxide. Two types of oxide
have been identified; an apparently amorphous form
with a low Raman scattering cross section (possi-
bly similar to the ordered oxide layer observed by
Voogt et al. [36]) and a crystalline form with a higher
cross section. Their results showed that the initial,
so called amorphous, oxide layer slowly underwent
crystallisation as the layer got thicker.
Good experimental evidence obtained in our work
present also showed that hysteresis in the cycle of
alternate formation and reduction of oxide layer was
essential to maintain oscillations. Similarly, Farrauto
et al. [25] found that palladium oxide supported on
alumina decomposes in two distinct steps when heated
in air at one atmospheric pressure. The first step was
found to occur between 750 and 800 ◦C, and be-
lieved to be the decomposition of a palladium–oxygen
species dispersed on bulk palladium metal, designated
PdOx /Pd. The second step occurred between 800 and
850 ◦C and was attributed to the decomposition of
crystalline palladium oxide, designated PdO. Signifi-
cant hysteresis was found between the decomposition
of the oxide to palladium metal and reformation of
the oxide, which did not occur until the temperature
had dropped well below 650 ◦C.
4. Conclusions
Oscillatory behaviour exhibited during the oxida-
tion of methane over palladium metal catalysts has
been studied under various reaction temperatures and
methane/oxygen gas ratios. Characterisation of the
catalyst has also been carried out using SEM and
XRD techniques. Results of the SEM surface analy-
sis revealed the presence of a porous surface, clearly
indicating that the metal surface had undergone a
change since the reaction commenced. The diffrac-
tion pattern showed the palladium phase to be the
dominant phase present. Hysteresis was observed in
the activity of the reaction as the temperature was
cycled up and down, showing that the metal surface
was continually changing throughout the reaction.
The activation energies of the reaction during the
high reactivity mode, (assumed to be PdO), and low
reactivity mode (assumed to be Pd) were also cal-
culated. Oscillation rates were observed to depend
on the dominant surface. Oscillations were frequent
when the high reactivity mode was dominant. The
activation energy of this mode was found to be low.
When the low reactivity mode was dominant, the os-
cillations were slower and the activation energy was
three times greater. Therefore, these results imply
that the behaviour of the palladium surface, switching
X. Zhang et al. / Applied Catalysis A: General 240 (2003) 183–197 197
back and forth from the reduced state to the oxidised
state, is responsible for the oscillatory behaviour seen
in this system. A simplified model explaining the
oscillations has been proposed.
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